Droughts are one of the multifaceted meteorological disasters affecting agriculture, livestock and water resources worldwide. Pakistan has a semiarid climate system with a high degree of interannual rainfall variability. This study evaluates the applicability and comparison of 3 drought indices (deciles index [DI], standardized precipitation index [SPI] and reconnaissance drought index [RDI]) in Pakistan. Monthly rainfall and temperature data (1981−2017) from 30 weather stations were used to analyze the current status of drought occurrence in terms of severity and magnitude. A nonparametric Mann-Kendall test and Sen's slope estimates were applied on drought indices to determine the statistical significance and magnitude of the trend. The DI captured the dry episodes in the region well, as Baluchistan and Sindh provinces have been seen to be more susceptible to droughts. The indices of SPI and RDI were well correlated at 3, 6, 9 and 12 mo timescales. Province-level analysis revealed the highest number of drought years during the 3 mo timescale and the lowest number of drought years during the 12 mo timescale. Overall, a linearly increasing trend of SPI and RDI (towards wetness) was observed, whereas the province-level analysis showed a statistically significant trend at the 95% confidence level for Khyber Pakhtunkhwa, Punjab and Sindh in the long-term drought analysis. Moreover, analyses of historical drought years and their intensity have been investigated and compared with a recent long drought episode (1999− 2002). The analysis of historical drought events highlights the challenging nature of drought management in Pakistan. The outcomes of this study would help water resource managers to investigate drought response measures for drought preparedness in the country.
INTRODUCTION
Drought is one of the most damaging hydrometeorological hazards that are recurrent in nature (Mishra & Singh 2010 , Guha-Sapir et al. 2012 , Samaniego et al. 2013 ). An increase in the severity and magnitude of drought episodes due to warming has been re -ported worldwide (Gocic & Trajkovic 2014 , Duffy et al. 2015 , Zhao & Dai 2015 , Hui-Mean et al. 2018 . Droughts are directly linked to water availability, so any shift in drought characteristics due to a warming climate would affect water demand and food security (Nam et al. 2015 , Touma et al. 2015 . The phenomenon of drought mostly persists over arid to semiarid environments where economies are strongly dependent on agriculture (Kazmi et al. 2015 , Ahmed et al. 2018a ). Interannual rainfall variability makes an arid region more susceptible to drought because of below-average rainfall (Adnan et al. 2017) . Such prolonged drought conditions may in turn cause severe desertification, increased frequency of aerosol loading and more intense dust storm events affecting human health, ecosystems and regional climate, as ob served in Southwest Asia , Rashki et al. 2012 , 2013a ,b, 2015 . The timely information obtained through various drought indices about the start and areal extent of droughts is beneficial for making appropriate contingency plans (Morid et al. 2006) . Some studies on drought assessment focus on a single index (Du et al. 2013 , Gocic & Trajkovic 2014 , Adnan et al. 2015 . Climatic conditions vary regionally in the world; thus, to have a complete picture of drought including its spatiotemporal extent and severity, it is effective to calculate and use various drought indices for drought assessment and monitoring (Mendicino et al. 2008) . To quantify droughts, many studies have been carried out in different regions of the world, and almost 50 indices have been developed based on different variables. Despite the high number of drought indices available, most provide only a general description of droughts with no information about drought risk related to pre-and post-drought episodes , Huang et al. 2015 , Ahmed et al. 2016 .
Various meteorological organizations generally use some of the well-known indicators to monitor droughts worldwide such as the standardized precipitation index (SPI), standardized precipitation evapotranspiration index and Palmer drought severity index in the USA (Palmer 1968 , McKee et al. 1993 ; reconnaissance drought index (RDI) in Europe; deciles index (DI) in Australia (Gibbs & Maher 1967) ; and China Z index in China (Wu et al. 2001) as endorsed by the World Meteorological Organization (Hayes et al. 2011 , Svoboda et al. 2012 .
Pakistan is predominantly categorized as an arid country (low precipitation and high temperatures) with an agricultural-based economy (Adnan et al. 2015 (Adnan et al. , 2017 . According to the land utilization survey, 34.15 Mha of land area is agricultural, while 23.60 Mha of land area is uncultivable; 25% of the cultivated land is rainfed, which plays a vital role in the country's economy (Adnan & Khan 2009 , Kazmi et al. 2015 . The economy's heavy reliance on agriculture has made Pakistan more susceptible to drought risks. Many studies in Pakistan have focused on drought characterization (Xie et al. 2013 , Ahmed et al. 2016 , Haroon et al. 2016 , Adnan et al. 2018 . In recent decades, climate change has severely affected socioeconomic and environmental conditions in Pakistan and surrounding areas of Southwest Asia (Abbas et al. 2018a,b) .
The current study is designed to monitor droughtprone areas of Pakistan. This paper identifies and compares the severity and magnitude of drought in different provinces of Pakistan by calculating drought indices (DI, SPI and RDI) at 3, 6, 9 and 12 mo timescales. The time series analysis of SPI and RDI helps to determine historical drought episodes. This study will help policy makers to formulate contingency plans for climate change-induced droughtprone areas in the region.
MATERIALS AND METHODS

Study area
Pakistan is a predominantly arid region lying within the geographic coordinates of 23.38°−30.25°N latitude and 61.78°−74.30°E longitude, with a total land area of 796 096 km 2 . Fig. 1 shows weather stations spatially distributed in different provinces of Pakistan as well as Pakistan's borders with China to the north, the Arabian Sea to the south, India to the east and Iran and Afghanistan to the west. Agricultural practices contribute 25% of the total gross domestic product of Pakistan, whereas the projected cultivated land area percentage is about 27.87%. Based on its geography, there is great variability in the climate of Pakistan. Annual mean temperatures during winter and summer range between 12−20 and 19−35°C, respectively. Annual average precipitation ranges be tween 30 and 400 mm from south to north with a maxi mum gradient of 900−1800 mm in submountainous areas (Adnan & Khan 2009 ). This interannual rainfall variability makes the arid region (covering 75% land area of Pakistan) more susceptible to drought risks.
Data collection
The present study sought to investigate the drought-prone areas in different provinces of Pakistan. However, a major problem in hydroclimate investigations is the lack of long-term records and reliable observations in many parts of the globe (Ahmed et al. 2018a) . For this purpose, monthly rainfall (mm) and maximum and minimum temperature (°C) data covering the historical period of 37 yr (1981− 2017) were obtained from the Pakistan Meteo ro logical Department. A list of weather stations along with their latitudes and longitudes is presented in Table 1 . Three drought indices (DI, SPI and RDI) were calculated using monthly climate data of 30 weather stations spatially distributed at the province level in the region.
Drought indices
To have a clear idea about the severity and magnitude of drought episodes in the region, 3 types of drought-related indices were used: DI, SPI and RDI. A brief description of the indices follows.
DI
One of the simplest drought index calculation methods is DI. According to this method, long-term monthly rainfall data of an extended length are ranked in descending order to make a cumulative frequency distribution (Gibbs & Maher 1967) . Tigkas et al. (2015) grouped DI into 5 classes, shown in Table 2 .
SPI
SPI is widely used to calculate rainfall deficit in an area of interest during a certain period of time (McKee et al. 1993) . SPI can be calculated for a range of timescales including monthly, quarterly, biannually and annually. Mishra & Singh (2010) investigated the versatility of SPI in both short-term (soil moisture) and long-term (stream flow) water resource management. SPI well distinguished the dry and wet years (Soro et al. 2014 To compute SPI, a long-term precipitation record is first fitted to a probability distribution (e.g. gamma distribution) that is then further transformed into a normal distribution so that the mean SPI is zero (McKee et al. 1995 , Edwards 1997 . It is expressed mathematically as:
( 1) where X is seasonal precipitation at the ith rain gauge and jth observation, Xis the long-term seasonal mean and σ is the standard deviation. Droughts are classified according to the SPI values ( Table 2 ).
RDI
RDI is a meteorological index for the assessment of droughts and classified in terms of its initial value (α k ), normalized value (RDI n ) and standardized value (RDI st ) (Tsakiris & Vangelis 2005 , Tsakiris et al. 2007 ). It provides a realistic representation of drought conditions, as it integrates precipitation along with potential evapotranspiration (PET), and can also be used to assess drought conditions in areas with diverse climatic characteristics. Because of its uniqueness, the RDI is universally applicable compared to other drought-related indices (Thomas et al. 2016 ). There are various methods to calculate PET; however, some of these methods are data demanding.
It is reported that temperature-based methods to calculate PET for the RDI estimation present adequate results ). Hence, PET was calculated with the temperature-based method given by Thornthwaite (1948) . For this method, a mean temperature data set is required. In addition, the number of years, starting year and latitude of the study area should also be defined (Tigkas et al. 2015) . The latitude is used to adjust the number of sunlight hours over the course of the year.
To calculate PET using the Thornthwaite method, first the monthly Thornthwaite heat index (i) is calculated, using the formula:
(2)
where t is the mean monthly temperature.
The annual heat index (I) is calculated as the sum of i:
Thornthwaite reported a PET equation based on monthly meteorological data as: (4) where t is the monthly average temperature, I is the annual heat index and A is a constant.
After PET calculation, the α k of RDI is calculated for the i th year in a time basis of k (months) using the following equation:
where P ij and PET ij are the precipitation and the PET of month j of year i and N is the total number of years of the available data.
The initial formulation of RDI st (Tsakiris & Vangelis 2005) used the assumption that α k values follow the lognormal distribution and RDI st is calculated as: (6) where y (i) is the ln(α k (i) ), yis its arithmetic mean and σ y is its standard deviation. Positive values of RDI st indicate wet periods, while negative values indicate dry periods in the defined area ). The RDI is classified in a similar way as SPI (Table 2) .
Statistical tests
Trend analysis of annual to interannual time series of drought indices was performed using the non-parametric Mann-Kendall test (Mann 1945 , Kendall 1948 ) and Sen's slope (Sen 1968 ) estimates during the historical period of 1981−2017 (Table 3 ). The Mann-Kendall test estimates the trend significance, and the Sen's method calculates the magnitude of an existing trend. Trend analysis was performed using the Excel template application MAKESENS (Salmi et al. 2002) , which uses 2 different approaches to test for trends in a given time series based on the number of observations. If the number of observations is less than 10, MAKESENS uses the S statistic (Gilbert 1987) ; otherwise, it uses the Z statistic (normal distribution). Many studies around the world have used these statistical tests to monitor trends in long-term hydroclimatological investigations (Zhang et al. 2010 , 2015 , Mondal et al. 2012 , Tabari et al. 2012 , Du et al. 2013 , Hanif et al. 2013 , Gocic & Trajkovic 2014 , Abbas et al. 2018a . Table 3 shows the Z values of the Mann-Kendall test for trends in drought indices. Values greater than 1.97 or less than −1.97 indicate a significant trend (95% confidence level).
RESULTS
In Pakistan, high-latitude northern areas receive more rainfall compared to low-latitude southern areas (Adnan & Khan 2009 , Hanif et al. 2013 ). In the north, the high amount of annual average rainfall is associated with 2 seasonal phenomena, western disturbances and summer monsoons, that occur in winter and summer, respectively (Adnan et al. 2015) . These phenomena are also responsible for seasonal rainfall in the southern areas of Pakistan. However, the lower amount of rainfall makes the southern side more susceptible to droughts (Adnan et al. 2018 ).
Indices analysis
Different drought indices have different features and calculation methods and require different data sets that may be appropriate for some regions while inappropriate for others. In this manuscript, the historical (1981− 2017) analysis of drought indices (DI, SPI, RDI) was performed to examine the occurrence of droughts in terms of their severity and magnitude. The comparative analysis of SPI and RDI affirmed that RDI is good enough to capture drought episodes in the region. For better understanding, the above-mentioned indices were further compared provincially for the study area at 3, 6, 9 and 12 mo time scales.
DI
This index identifies wet and dry years by distributing long-term month ly rainfall data into its 10% parts (Gibbs & Maher 1967) . It helps to evaluate the percentage rainfall departure in dry periods. During the analysis period (1981−2017) , 37 years were classified as wet and dry years by distributing rainfall into the classes of much above normal rainfall to the years of much below normal rainfall ( Table 2 ). In total, 14 years depict higher values than mean annual rainfall (1 of which is classified as much above normal), and 11 years depict lower values (3 of which are classified as much below normal) based on the decadal analysis (Table 4 ). The DI was found to be very responsive to rainfall events of a particular year, but it has incon- (Morid et al. 2006 ). The phenomena of western disturbances and summer monsoons are responsible for the interannual rainfall variability over the Indian subcontinent (Hunt et al. 2018) . However, many studies reported changes in the per-decade trend of annual rainfall in Pakistan (Salma et al. 2012 , Ahmed et al. 2016 , 2018a , Adnan et al. 2017 . The province-level analysis revealed that Baluchistan experiences the maximum number of years with much below normal rainfall followed by Sindh, Punjab and Khyber Pakh tun kh wa (KPK) ( Table 4 ). Therefore, a higher degree of drought vulnerability is seen for Baluchistan and Sindh provinces (Zhang et al. 2012) . Regional analysis revealed a dominance of dry years during the first 2 decades, while the last 2 decades revealed a dominance of wet years (Table 4 ).
SPI and RDI
SPI and RDI were analyzed and compared together because of the same drought classes (Table 2) . SPI requires only precipitation data, while RDI considers both precipitation and PET data to capture drought episodes in the region of interest (Tigkas et al. , 2015 . Historical drought episodes negatively impact water resources worldwide (Trnka et al. 2016) . The scatter plot of SPI and RDI revealed that the difference between both indicators increases with an increase in timescale (Zarch et al. 2011) . It is evident that the climate trend is gradually shifting from a drier to a wetter period (Adnan & Khan 2009 ). The temporal analysis of SPI and RDI with the coefficient of determination (R 2 ) was performed at different time scales, and both of the indices are well correlated at 3 mo (R 2 = 0.987), 6 mo (R 2 = 0.993), 9 mo (R 2 = 0.992) and 12 mo (R 2 = 0.985) timescales (Fig. 2) . However, the RDI-calculated wet and dry periods were found to be larger in magnitude than the SPI-calculated wet and dry periods.
Province-level analysis
The comparative analysis of SPI and RDI was performed at the province level on a 3, 6, 9 and 12 mo basis to monitor the drought vulnerability in each province. A significant trend was observed in the provinces of KPK, Punjab and Sindh on a 9 and 12 mo timeframe (Table 3) . From the results, it is evident that most of the provinces show non-significant trends for selected indices at all the timescales except KPK (3 mo) and Baluchistan (9 mo) (Table 3) , perhaps due to the relatively short phase of data in the analysis period or the interannual rainfall variability (Aguilar et al. 2005 ). However, the aggregated time series are presented and discussed to highlight several features that represent the hydroclimatological changes in the study area.
Three month analysis
Short-term droughts are represented by the 3 mo timescale and derive from SPI and RDI monthly values. Tsakiris et al. (2007) further classified this timescale as moderate drought (−1.0 to −1.49), severe drought (−1.50 to −1.99) and extreme drought (−2.0 or less), and Tigkas (2008) reported that it would negatively affect the growing season length of agricultural crops. Short-term analysis of SPI and RDI shows that and Sindh experienced the least (4 years) number of moderate droughts during the analysis period (Fig. 3b,d) . The results of this short-term drought analysis are in good agreement with a study conducted in Bangladesh, where the northwestern side of the country was found to be more vulnerable to droughts compared to the southwestern side (Mondol et al. 2016 ). The maximum length of moderate droughts for northern areas was recorded during 1998− 2002, and in Sindh, it was recorded during 1986− 1988. Adnan et al. (2015) also reported this period of droughts in Sindh, Pakistan. The southern areas of Pakistan are highly depen dent on monsoon rainfall, and the seasonal rainfall de ficit would lead to drought conditions in the region. In the province of Punjab, 12 years of moderate droughts were investigated, with a strong duration during the 2 periods of 1986−1987 and 1999− 2001 (Fig. 3c) . It is evident that climatic extremes had triggered the dry spells in semiarid Punjab, Pakistan (Farhat et al. 2013) . Baluchistan was the only pro vince experiencing a severe drought episode in 1992 at the 3 mo timescale. In total, 12 years of moderate droughts were found having a maximum intensity during 1987− a b c d 1 9 8 1 1 9 8 3 1 9 8 5 1 9 8 7 1 9 8 9 1 9 9 1 1 9 9 3 1 9 9 5 1 9 9 7 1 9 9 9 2 0 0 1 2 0 0 3 2 0 0 5 2 0 0 7 2 0 0 9 2 0 1 1 2 0 1 3 2 0 1 5 2 0 1 7 Fig. 3 . Annual time series analysis of SPI and RDI at a 3 mo timescale for (a) Baluchistan, (b) Khyber Pakhtunkhwa, (c) Punjab and (d) Sindh provinces of Pakistan 1988, 1992− 1993 and 1998− 1999 (Fig. 3a) . The upper north eastern part of Baluchistan was found to be more vulnerable to droughts, as it receives a low amount of rain during the winter and summer seasons (Ahmed et al. 2016) . The 3 mo analysis of both indices investigated the total number of drought (moderate to severe) months in Balu chis tan (39 for SPI and 39 for RDI), northern areas (48 for SPI and 48 for RDI), Punjab (39 for SPI and 36 for RDI) and Sindh (12 for SPI and 12 for RDI) (Table 4 ). This short-term (3 mo) drought period significantly affected the developmental stages of winter season crops in Pakistan (Ahmed et al. 2018b ).
Six month analysis
The 6 mo drought analysis period is specifically important for rainfed agricultural crops (Tigkas 2008) . Comparison of SPI and RDI at the 6 mo timescale revealed that all provinces in the region experienced the recent drought-intensive episode of 2000− 2002 (Fig. 4) . During the 20th century, the same period of drought episode was identified in Southwest Asia (Malik et al. 2013 ) and southeastern Iran resulted in in creased dust loading and intense dust storms (Rashki et al. 2013a,b,c a b c d 1 9 8 1 1 9 8 3 1 9 8 5 1 9 8 7 1 9 8 9 1 9 9 1 1 9 9 3 1 9 9 5 1 9 9 7 1 9 9 9 2 0 0 1 2 0 0 3 2 0 0 5 2 0 0 7 2 0 0 9 2 0 1 1 2 0 1 3 2 0 1 5 2 0 1 7 (Barlow et al. 2016) . Province-level analysis of both indices showed that northern areas (Fig. 4b ) face the highest number of moderate droughts (in terms of magnitude) followed by Sindh (Fig. 4d) , Baluchistan (Fig. 4a) and Punjab (Fig. 4c) , evidencing the weak drought episodes in mid-2009 and 2010 over Pakistan (Anjum et al. 2010 (Anjum et al. , 2012 . The main reason behind this period of weak droughts was the development of the El Niño drought year, which caused 30% below-normal rainfall in the region during the monsoon season. Table 5 shows the number of moderate to severe drought months (12, 18, 12 and 18) for Baluchistan, northern areas, Punjab and Sindh, respectively, calculated using SPI and RDI.
The results clearly show that the newly developed index of RDI also performs well with SPI in identifying drought episodes at different timescales (Tigkas et al. 2017 ).
Nine month analysis
Analyses of SPI and RDI at 9 and 12 mo timescales represent long-term droughts (Haied et al. 2017) . According to Fig. 5, Baluchistan (Fig. 5a ) experienced 3 consecutive years of moderate droughts from 2000 to 2002, whereas northern areas (Fig. 5b) experienced only 1 yr of drought, but it was severe in intensity (2000) . The province of Punjab (Fig. 5c ) revealed 5 years (1984, 1993, 2000, 2002 and 2012) of moderate droughts. In Sindh (Fig. 5d ), Pakistan, 3 years (1986, 1988 and 2000) of drought episodes, of moderate to severe intensity, were investigated. Ano malous and prolonged drought conditions caused by a large deficit in monsoon rainfall in 2002 were also observed in South Asia, especially over India, and resulted in increased aerosol loading .
Water deficit and recurrent drought spells in the region of central Southwest Asia badly affected socio economic conditions (Oki & Kanae 2006 , Kaniews ki et al. 2012 , whereas the drought period of 2000− 2002 affected 2 200 000 people in Pakistan (Anjum et al. 2010) . In 2003, the development of a strong La Niña phase caused above-normal rainfall during the winter season, minimizing the intensive drought episode (1999−2002) . The SPI calculated the number of moderate to severe drought months to be 36 (Baluchistan), 9 (northern areas), 45 (Punjab) and 27 (Sindh), whereas the respective calculations of RDI revealed moderate to severe drought months of 36 (Baluchistan), 9 (northern areas), 36 (Punjab) and 27 (Sindh), summarized in Table 5 . It is evident that regional analysis is needed to monitor droughts in terms of their severity and magnitude.
Twelve month analysis
This period of drought analysis represents the entire hydrological year (Tigkas et al. 2017) . Climate variability and change would play a key role in shaping the water cycle throughout the globe (IPCC 2014). On the 12 mo timeframe, Baluchistan (Fig. 6a ) faced moderate droughts in 2000 and severe droughts in 2002, whereas in the northern areas (Fig. 6b) , only 1 yr of moderate drought was revealed using RDI calculations. The province of Punjab (Fig. 6c ) showed 2 drought years of moderate intensity (1985 and 1987) and 1 drought year of severe intensity (2002) due to a large deficit in monsoon rainfall in July 2002. Sindh province experienced the maximum number of drought years, i.e. 4 years, ex hibiting moderate (1991 and 2000) to severe (1987 and 2002) intensity during the analysis period of 37 yr (Fig. 6d) (Adnan et al. 2018) , as they use precipitation and evapotranspira-tion data, which enable them to depict a more realistic picture of droughts in a region of interest (Tigkas et al. 2015 (Tigkas et al. , 2017 .
Drought episode (1999−2002)
Most of the Asian regions experienced a severe and long-lasting episode of drought from 1999 to 2002 (Malik et al. 2013 , Barlow et al. 2016 , Rashki et al. 2017 a b c d 1 9 8 1 1 9 8 3 1 9 8 5 1 9 8 7 1 9 8 9 1 9 9 1 1 9 9 3 1 9 9 5 1 9 9 7 1 9 9 9 2 0 0 1 2 0 0 3 2 0 0 5 2 0 0 7 2 0 0 9 2 0 1 1 2 0 1 3 2 0 1 5 2 0 1 7 years and their intensity has been investigated and compared with the recent drought-intensive period (1999−2002) . All the indices (DI, SPI and RDI) well captured this period, although the magnitude and severity of each index was slightly different (Figs. 7 & 8) . Literature revealed the inception of drought in 1999, but our drought indices slightly captured this period, while the long-term episode of droughts (2000, 2001 and 2002) was well captured by both indices (Fig. 7) . The DI also highlighted this period of drought episode (Fig. 8) . Annamalai et al. (2013) used the all-India monsoon rainfall (AIMR) index to a b c d 1 9 8 1 1 9 8 3 1 9 8 5 1 9 8 7 1 9 8 9 1 9 9 1 1 9 9 3 1 9 9 5 1 9 9 7 1 9 9 9 2 0 0 1 2 0 0 3 2 0 0 5 2 0 0 7 2 0 0 9 2 0 1 1 2 0 1 3 2 0 1 5 2 0 1 7 Their results showed a decreasing trend of AIMR during the last 5−6 decades (Annamalai et al. 2013) .
The DI values gradually decreased, ranging from 4.1 in 1999 to 1.8 in 2002 (Fig. 8) . This further confirms a de crease in rainfall patterns during 1999−2002.
DISCUSSION
Assessment of historical drought conditions in different provinces of Pakistan, their implications and links to other studies are further discussed in this section. Recent changes in the intensity and frequency of extreme climate events, particularly droughts, have significantly impacted society (Giddens 2009 , Neely et al. 2009 ). Climate warming is expected to increase the risk of famine in drought-prone areas that are highly dependent on rainfall and water resources (IPCC 2014). It is difficult to predict the length of a drought event (Iglesias et al. 2007 , Wilhite 2007 , Parry et al. 2016 , as rainfall variability defines the trends of drought occurrence, frequency and duration (Hisdal et al. 2001) . The wide-ranging impacts of droughts on the environment, economy and society are well documented in the literature (Wilhite et al. 2014 , Rey et al. 2016 , Parsons et al. 2019 .
The per-decade analysis of DI well captured the wet and dry episodes over the country (Table 4) , whereas the province-level analysis revealed that Balu chistan and Sindh are highly vulnerable to drought risks due to rainfall departure along the latitudinal belts (Zhang et al. 2012) . The level of the water table in both provinces (Baluchistan and Sindh) has declined remarkably due to the overexploitation of groundwater resources (Ahmad et al. 2004) , while the economies of developing countries are strongly dependent on rainfed agriculture (Zhang et al. 2007 , Telesca et al. 2013 , Miyan 2015 . The decadal analysis of 1991−1992 to 2000−2001 (Table 4 ) highlights the long-term drought episode of 1999− 2002 (Malik et al. 2013 , Adnan et al. 2018 , which affected the yield of rainfed crops up to 60− 80% and irrigated crops up to 15−20% (Sarwar 2008) . The overall trend in 4 decades has shifted from dry to humid and wet periods in the region, indicating an increase in annual mean rainfall trends from south to north (Hanif et al. 2013) . This increase in rainfall during recent years has also positively influenced the greenery of the northwestern Indian subcontinent, especially the Thar Desert, and the declining trend in dust loading (Zhang et al. 2015 , Jin & Wang 2018 . The findings of this study are in good agreement with a study conducted on global precipitation trends (Zhang et al. 2007) .
SPI and RDI are well correlated at 3, 6, 9 and 12 mo timescales (Fig. 2) , which may be related to regional topology (Adnan et al. 2016 ). Xie et al.'s (2013) investigations on principal component analysis of SPI fields depicted a clearer picture of widespread droughts in central and southern Pakistan. Overall, the magnitude of RDI with respect to SPI was slightly higher in wet and dry periods, indicating that RDI is an appropriate index to capture drought episodes in the region (Adnan et al. 2018) .
The global average temperature over land is expected to increase (1.5°C) by the end of the 21 st century (IPCC 2013). Shifts in weather patterns (including rainfall and temperature) are important to evaluate to predict climate variability (Alexander et al. 2006 , Webster et al. 2011 . During the examined period (1981−2017), frequent dry spells were investigated in semiarid Pakistan (Table 5) , as evidence of a significant warming trend in mean maximum and minimum temperatures (Donat et al. 2013) . Occurrence of warm days and nights revealed increasing trends in Hawaii ). In the shortterm (3-and 6-mo timescales) analysis, Baluchistan and Punjab experienced the most severe drought episodes, while in the long-term analysis, all provinces in the region experienced severe droughts except KPK. The numbers of moderate to severe drought months are more pronounced in Sindh as compared to other provinces (Table 5) .
A westward shift in monsoon rainfall patterns has been reported in the country (Hanif et al. 2013 ). Interannual rainfall variability indicated a decreasing trend over Kashmir, Pakistan (Kumar & Jain 2010) . This trend further confirms that the southwestern side is more vulnerable to drought risks compared to the northeastern side. This feature of rainfall deficit is of significant importance for southern Baluchistan and the coastal belt of the Indus delta (Adnan et al. 2015) . Basit et al. (2012) reported a decreasing rainfall pattern in the country during the summer period that lasted up to 2000, followed by a sudden shift in climatic conditions in 2001 that resulted in an uneven monsoon in some parts of the country. Experts believe that shifting monsoon patterns due to climate warming in South Asia (including Pakistan) would adversely affect ecosystems during the 21 st century (Hanif et al. 2013 , Barlow et al. 2016 ). The agriculture sector experienced a severe drought episode during 2000−2001, which significantly af fected the growth rate (a decline of 2.6%) of crop plants compared to a positive growth rate of 1. 4% during 2001 4% during −2002 4% during (Ahmad et al. 2004 ). However, given the sensitivity of agricultural systems to drought, application of regional predictions within drought monitoring would help minimize the economic losses associated with droughts (Parsons et al. 2019) .
Climate variability and change over arid to semiarid and subhumid regions of Pakistan resulted in prolonged droughts (Farhat et al. 2013 , Adnan et al. 2018 . The period 1997−1998 was marked by a strong ENSO, and this strong ENSO induced a 5 yr drought from 1998 to 2002 in South Asia including Pakistan; this area experienced the most severe drought conditions recorded in the last 50 yr, which was revealed by all of the drought indicators used in this study (Figs. 7 & 8) . The possible physical mechanism that strengthened the 1999−2002 drought episode in volves the warm ocean water, even though the onset of the cold and wet episode of La Niña had occurred in 1999. This has been defined by different scientists based on a complex coupling mechanism caused by regional and large-scale climatic variability, possibly due to the synergistic effects of an out-of-phase precipitation signal over the study region and the warm pool of western Pacific currents (Barlow et al. 2002 (Barlow et al. , 2016 .
In recent decades, the frequent episodes of heat waves and droughts in the country have severely affected socioeconomic conditions (Abbas et al. 2018a,b) . Hence, the monitoring of the spatial extent of drought-affected areas and the long-term assessment of the drought-intensive periods are required to highlight the need for water resource management in Pakistan.
CONCLUSIONS
Droughts are severely affecting the agriculture and water resources of Pakistan. Therefore, a comprehensive study was undertaken (1981−2017) to identify the drought-prone areas in the region. The south-eastern side of the country was found to be more vulnerable to droughts compared to the northwestern side. Climate warming is expected to increase the risk of famine to drought-prone areas that are highly dependent on rainfall. The comparative analysis of SPI and RDI revealed a strong correlation, indicating that both indicators are adequate to capture droughts. The province-level analysis investigated the occurrence of droughts (more pronounced) in Sindh and Baluchistan, whereas some parts of southern Punjab also experienced intense dry spells. The larger spatial extent of the drought-affected areas and the long-term duration of the droughtintensive periods highlight the need for water resource management in Pakistan. This study would help policy makers to adopt measures for drought monitoring and impact assessment in the region.
